Rigid, Y-shaped imidazole compounds containing the bis(thienyl)ethene moiety were designed and synthesized. The 4,5-bis(benzothienyl)-2-phenylimidazolium cations were then used as axles for [2] pseudorotaxane formation with 24-membered crown ether wheels. It was demonstrated using 1 H NMR spectroscopy, UV-Vis absorption and emission spectroscopies that this host-guest interaction results in significant changes in the photochromic properties of the imidazolium axles. This is a rare example of gated photochromism, which exploits the recognition event of an interpenetrated molecular system to tune the photochromic properties in one of the components.
Introduction
The discovery of new templating motifs for the preparation of interpenetrated and mechanically interlocked molecules (MIMs) has led to the development of a wide variety of pseudorotaxane-and rotaxane-based systems that operate as molecular switches, 1 machines and motors.
2 In many instances, light has been employed as a highly versatile and "clean" stimulus for both inducing endergonic transformations (i.e. energy supply) and reading the state of the device. Photochromism -the reversible interconversion of a molecule, with at least one of the reactions being induced by absorption of light, between two forms having different absorption spectra 4 -has been thoroughly investigated since the 1980s and become a key component of the supramolecular chemist toolbox. The prominent changes in structure and properties associated with photoisomerization have been exploited to control threading, 5 self-assembly processes, 6 and non-equilibrium behavior 7 in [2]pseudorotaxanes, and molecular movements (shuttling, rotation), 8 surface properties, 9 catalysis 10 and reactivity.
11
In molecular devices, photochromism is generally employed to exert light-responsive control over other chemical processes. In contrast, the chemical modulation of the photoreactivity of a photochrome, i.e. "gated photochromism", is much less common, and has usually been achieved by means of transition metal coordination, 12 reversible chemical modication, 13 supramolecular self-assembly, 14 or formation of inclusion complexes.
15 To the best of our knowledge, only one photochromic system gated by a [2]pseudorotaxane formation event has been reported; Hecht et al. described an azobenzene-based axle where photoisomerization can be locked and unlocked by threading or de-threading, respectively, with a crown ether host. 16 We have recently developed axles based on an imidazolium recognition site, which, in combination with crown ethers, yields [2] pseudorotaxanes, [2] rotaxanes, [3]rotaxanes, and [1] suitanes. 17 The rigidity of these imidazole-based axles also allowed us to incorporate MIMs into metal-organic frameworks (MOFs) and study the dynamics of the interlocked macrocycles in the solid state.
18 In order to develop a templating motif endowed with a photoswitchable recognition site, we explored the possibility of including the imidazolium moiety as an integral part of a photochromic unit.
Despite the widespread use of bis(thienyl)ethenes as molecular photoswitches,
19 only a few examples of [2] pseudorotaxanes 20 and [2]rotaxanes 21 containing this moiety as a structural component or signalling unit have been reported. As such, we report herein the design and synthesis of 4,5-bis(benzothienyl)-2-phenylimidazolium axles and show that their association with 24-crown-8 ethers results in signicant enhancement of the photochromic properties of the axles. This phenomenon, that could be termed threading-gated photochromism, expands the concept of gated photochromism, by exploiting supramolecular interactions to induce signicant changes in the photochromic properties in one of the components involved in an interpenetrated molecular system.
Results and discussion
Design, synthesis, and characterization of axles
The initial design was inspired by the striking similarity between our previously reported Y-shaped 2,4,5-triphenylimidazolium axles 17d and the photochromic 4,5-bis(thienyl)imidazoles originally reported by Krayushkin et al. (Scheme 1a and b) . 22 We thus decorated the 4-and 5-positions of three different 2-phenylimidazolium derivatives with 2-methylbenzo [b] thiophen-3-yl groups to attain photochromic axles capable of association with 24-membered crown ether rings (Scheme 1c). The choice of benzothiophene stems from the increased thermal stability of the ring-closed isomer and the improved fatigue resistance displayed in diarylethenes bearing this type of hetaryl moiety. 23 The 
is summarized in Scheme 2 and described in detail in the ESI (Scheme S1 †). Lithiation of 3-bromo-2-methylbenzo [b] thiophene, 24, 25 followed by conversion to the corresponding organocopper compound, and subsequent reaction with oxalyl chloride (see ESI †), afforded the 1,2-diketone 7, an important precursor for the synthesis of an array of photochromic bis(thienyl)ethenes with different heterocyclic bridging units. [1 o -H]BF 4 displays a disordered benzothiophene moiety, corresponding to anti-parallel (Fig. 1a) and parallel (Fig. 1b Fig. S8a †) . Interestingly, in this crystal structure the two imidazolium NH groups hydrogen bond to two diethyl ether solvent molecules, which adopt a spatial arrangement around the axle resembling two fragments of a crown ether ring (ESI, Fig. S8b †) .
[2]Pseudorotaxane formation (Fig. 2b) . We propose that threading of the axle to form a [2]pseudorotaxane decreases its conformational freedom, which slows the interconversion between parallel and antiparallel conformations of the bis(benzothienyl)imidazolium moiety to a rate observable on the NMR timescale.
27
To corroborate our hypothesis of a decreased conformational freedom of the threaded axle and assign each species to the appropriate set of NMR peaks, we recorded 2D methyl group of one benzothienyl unit with the p-cloud of the adjacent benzo unit in the parallel conformation of the [2] pseudorotaxane; only one averaged peak is observed for both methyl groups since the interconversion between the two equivalent parallel conformations is fast in the NMR experiment timescale. Analogous observations can be made for the NMR studies of any other combination of axle and crown ether, although the absence of aromatic rings for 24C8 produces less pronounced shielding and a slight de-shielding, respectively, on the methyl protons of parallel and anti-parallel [2]pseudorotaxanes (ESI, Fig. S12-14 Fig. S15 -17 †). Due to slow exchange between complexed and un-complexed components on the NMR timescale, association constant (K a ) values were determined using the single-point method from solutions containing equimolar amounts of axle and ring at known concentrations.
28
The higher association constants (K a ) in a non-competitive solvent such as CH 2 Cl 2 were determined by tting the experimental UV-Vis titration data according to a 1 : 1 binding model. 28 The results of these association studies are summarized in Table 1 (Fig. 3) . Again, both anti-parallel ( Fig. 3a) and parallel ( Fig. 3b while CH-p interactions between methyl groups at the 2-position of the benzothienyl groups and the catechol rings of the macrocycle in the major anti-parallel structure (CH 3 /C 6 -centroid 3.43Å, 80.7 ; and 3.38Å, 86.1 ), and partial p-p stacking between the benzo portion of one benzothienyl group and one catechol ring of the macrocycle in the minor parallel structure (C 6 -centroid/C 6 -centroid 4.01Å, 15.9 ), give rise to a C-shaped conformation ("supramolecular hug") for the DB24C8 wheel.
17a,d
Photochromism of the axles spectroscopy. The absorption and emission spectra of the axles (Fig. S33 †) and the photophysical data (Table S7 †) are summarized in the ESI. † All the compounds show a strong luminescence, with quantum yields of 10-40% and exhibit low fatigue resistance; 1 H NMR experiments show that all the axles display less than 30% recovery aer only ve cycles of alternated UV (313 nm) and visible (580 nm) irradiation (ESI, Chart S1 †). Moreover, they appear to degrade aer prolonged irradiation, with formation of a photoproduct, which absorbs in the visible region and is still present aer the cycloreversion reactions. For this reason, photostationary states were not reached, but all the compounds were irradiated up to the maximum degree of photoconversion (PC), and irradiation stopped before signi-cant photodegradation occurred (see ESI †). Fig. S44 †) . This behaviour is quite uncommon and cannot be ascribed to a simple unimolecular process. For example, it is known that, for related diarylethene compounds, a catalytic amount of oxidant can accelerate the thermal cycloreversion and induce zero-order kinetics by triggering a chain reaction.
29 To exclude effects related to the presence of impurities or humidity in the solvent, control experiments in different batches of CH 2 Cl 2 , including those dried on molecular sieves, were undertaken, but this had no effects on the kinetic traces. We therefore hypothesize that the photoproduct formed upon irradiation of the protonated compounds (vide supra) could react with the latter and activate a chain reaction that ultimately affords the open forms.
Compound [2 o -H] + was irradiated in the UV, but the closed form could not be accumulated, due to the very high thermal cycloreversion reaction rate. Moreover, the initial spectrum of [2 o -H] + could never be completely recovered. It is likely that, in this case, the quantum yield of the photoreaction is lower as corroborated by the larger emission quantum yield, and that photodegradation occurs upon irradiation. The percentage of photoconversion could again be estimated by evaluating the extent of emission quenching at the end of the irradiation experiments, however it was not possible to record the absorption spectrum at this degree of photoconversion, because the thermal reaction was too fast (ESI).
Photochromism of [2]pseudorotaxanes
Following the studies performed on the naked axles, the photochromism of the six + could be photoisomerized to the respective closed forms and the thermal cycloreversion reactions were compatible with a rst-order mechanism ( Fig. 4b and ESI, Fig. S47 †) . The UV-Vis spectroscopic studies for the [2] pseudorotaxanes are summarized in ESI Table S7 . † Unfortunately, some of the data are difficult to interpret because, at the low concentrations utilized, the thermal cycloreversion reactions of the [2]pseudorotaxanes depended on the absolute concentration and/or on the relative ratio of the molecular components. For a thorough discussion of the UV-Vis studies, see the ESI. † pseudorotaxanes closed isomers are kept in the dark at room temperature, they exhibit thermal cycloreversion with rst-order kinetics and much slower rates, as evidenced by half-lives ranging from few hours to more than two days (Table 2 ). This observation is in stark contrast to the fast zero-order thermal cycloreversion displayed by the free axles, which prevented any kind of NMR characterization of their closed forms.
The increased half-life of the closed isomers of the axles when threaded into crown ethers is accompanied by an overall enhancement in the photostability of the [2]pseudorotaxanes when compared to the corresponding free axles. We propose the stepwise cycloreversion mechanism, depicted in Scheme 3a, where, upon UV irradiation, the bis(benzothienyl)imidazolium open isomer (Scheme 3a, le-hand side) undergoes a typical photochemical electrocyclization to yield the corresponding imidazolinium closed isomer (Scheme 3a, middle), which can subsequently undergo a thermal cycloreversion, and/or follow an alternative stepwise ring-opening pathway triggered by the tautomerization of the axle. We can reasonably infer that this newly formed imidazole tautomer (Scheme 3a, right-hand side), accessible by intermolecular proton transfer, exhibits higher stability due to an overall increase in aromaticity. Once formed, the tautomer can quickly revert to the parent imidazolium open isomer through a further proton transfer and heterolytic bond cleavage. In this context, it is worth mentioning a recent report by Hecht et al. describing the acid-catalysed thermal cycloreversion of diarylethenes.
30
The proposed stepwise thermal cycloreversion pathway presumably exhibits an overall lower kinetic barrier in comparison with the typical electrocyclic thermal cycloreversion (conrotatory, hence forbidden by the Woodward-Hoffmann rules). This supposition agrees with the fast cycloreversion characterizing all the free axles, and such a cycloreversion mechanism might explain the low fatigue resistance of these systems, since the charged intermediates could generate undesirable photoproducts.
This proposed cycloreversion mechanism would also explain why the photochromic properties of the axles involved in this study undergo such signicant changes when threaded through crown ethers (Scheme 3b). The strong chargeassisted hydrogen bonds between the NH groups of the axle and the oxygen atoms of the crown ether keep the NH protons in place, in both the open and closed isomers (Scheme 3b, le-hand side and middle), effectively preventing tautomerization from occurring -the tautomerization to the imidazole form of the closed isomer would destroy all the favourable intermolecular interactions which hold the [2]pseudorotaxane together (Scheme 3b, right-hand side) -making this pathway unfavourable. This leaves the closed isomer of the [2]pseudorotaxane with the only option of reverting to the open isomer through the usual electrocyclic thermal cycloreversion, which is kinetically hampered due to its higher activation barrier, which, in turn, explains the slower rst-order thermal cycloreversion kinetics and, especially in the cases where 24C8 represents the ring component, the improved fatigue resistance of the [2]pseudorotaxanes when compared to their corresponding free axles.
Further investigations are underway in our laboratories to unambiguously prove the occurrence of this proposed mechanism. Nevertheless, we are condent that this is a plausible representation of the actual mechanism behind this novel example of threading gated-photochromism.
Conclusions
We have reported the design, synthesis, and photochemical characterization of a series of novel photochromic bis (benzothienyl) We have proposed a tautomerization-induced, stepwise thermal cycloreversion mechanism involving a heterolytic bond cleavage to the open isomer to rationalize the poor photochromic properties of the free axles. This proposed mechanism also explains why the thermal cycloreversion kinetics and the fatigue resistance of axles are signicantly inuenced by threading into crown ethers. In this context, we suggested that the strong supramolecular interactions involved in the [2]pseudorotaxanes prevents the tautomerization of the closed isomer of the axles, leaving the slower electrocyclic thermal cycloreversion as the only possible ringopening pathway for [2] pseudorotaxanes. This phenomenon, termed threading-gated photochromism, greatly expands the concept of gated photochromism, by exploiting supramolecular interactions to induce signi-cant changes in the photochromic properties in one of the components involved in an interpenetrated molecular system. We believe the scope of this work could be further extended to [2] rotaxanes and other mechanically interlocked systems, where an orthogonal stimulus could be employed to prompt the reciprocal motion (e.g. shuttling or rotation) of interlocked components, and, in response, trigger a change in the photochromic properties of the system, ultimately paving the way towards elegant multi-stimuli photoswitches.
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